INTRODUCTION
============

Discogenic low back pain is a very common problem that imposes enormous health and economic burdens on society, accounting for approximately 26 to 42% of patients with chronic low back pain ([@R1]). Primarily, intervertebral disc (IVD) degeneration is one of the causative factors of low back pain. The IVD comprises an outer ring of collagen-rich annulus fibrosus (AF), which surrounds a central core proteoglycan-rich gelatinous nucleus pulposus (NP) that mainly provides both mechanical support to absorb compressive forces and the flexibility necessary for the movements ([@R2]). Pathological insults, such as catabolic imbalance and inflammatory response, result in degradation of high--molecular mass hyaluronic acid (HA) to low--molecular mass HA, which contributes to disc degeneration through enhancement of the expression of matrix-degradative enzymes, induction of inflammatory responses, and reduction of water retention in the discs ([@R3]). The release of neurogenic mediators, such as proinflammatory cytokines \[including interleukin-1β (IL-1β) and tumor necrosis factor (TNF)\] ([@R4]), neurotrophins \[including β-nerve growth factor (β-NGF) and brain-derived neurotrophic factor (BDNF)\] ([@R5]), and neuropeptides \[including calcitonin gene-related peptide (CGRP) and substance P\] ([@R6]), can promote the innervation of peptidergic small neurons into aneural discs ([@R5]). These changes sensitize nociceptive terminals and facilitate the development of discogenic back pain ([@R7]).

The development of a preclinical model of discogenic pain is necessary to enable the study of the pathogenesis of painful disc degeneration and to provide a platform to determine the effectiveness of potential therapeutic interventions. However, to date, few models have been developed to investigate pain associated with disc degeneration. Currently, surgically induced disc injury, or AF injury, is commonly used for induction of anatomical disruption, because damage to the AF is also known to affect human discs. This injury model is associated with relatively rapid development of degeneration and can be precisely controlled ([@R8]). The rat tail model has also been widely adopted for the study of disc degeneration because of the ability to avoid surrounding tissue damage and the accessibility for intervention ([@R8]). However, the pain phenotype in the rat tail model has not been determined. In rodent, the reliable signs of pain (nociceptive behavioral responses) have been well characterized ([@R9]), making these animals highly appropriate for the investigational studies of painful disc degeneration. Furthermore, *c-Fos* expression is widely used as a marker of neuronal activity related to nociceptive processing ([@R10]), with peripheral noxious stimulation inducing rapid expression of a *c-Fos*--like immunoreactivity at the spinal cord and brain levels in rodents ([@R11]).

HA, or hyaluronan, is a ubiquitously expressed glycosaminoglycan (GAG) located in the extracellular matrix (ECM), in the intracellular environment, and on the cell surface ([@R12]). In physiological conditions, HA typically presents as a high--molecular mass molecule of 1 × 10^6^ Da ([@R13]), containing around 10,000 alternating units of glucuronic acid (GlcA) and *N*-acetylglucosamine (GlcNAc), with β-(1,3)- and β-(1,4)-linkages ([@R13]). HA is synthesized in the cellular plasma membrane by HA synthases and secreted into the pericellular space via a multidrug resistance transporter ([@R12]). HA interacts with specific proteins, including aggrecan, versican, lymphatic vessel endothelial HA receptor 1, TNF-inducible gene 6 protein, and thrombospondin, as well as membrane receptors, such as CD44, HA-mediated motility receptor, and Toll-like receptor 4/2 ([@R12]). These interactions are vital for multiple biological processes, including morphogenesis, cell migration, cell survival, apoptosis, inflammation, and tumorigenesis ([@R12]). In IVDs, HA is aggregated with proteoglycans, such as aggrecan. Proteoglycans consist of core proteins that are modified extensively with anionic sulfated GAGs, such as chondroitin sulfate (CS) and keratan sulfate (KS). Proteoglycans enable the generation of osmotic swelling pressure during the maintenance of tissue hydration ([@R14]).

The use of HA to target multiple signaling pathways underlying painful disc degeneration is a potential therapeutic strategy for disc repair. Several different formulations of HA--poly(ethylene glycol) (PEG) hydrogels have been shown to increase the formation of multicell clusters on seeding with NP or AF cells compared with gelatin substrates ([@R15]). In a nucleotomized organ culture model, treatment with biomimetic fibrin--HA hydrogel can maintain NP cell viability at \>90%, increase production of GAGs and type II collagen, and restore compressive stiffness and disc height compared with fibrin gels ([@R16]). We have demonstrated that type II collagen--4S-StarPEG--HA microgels initiate differentiation of adipose-derived stem cells toward an NP-like phenotype ([@R17]). These findings suggest that HA has a potential use as a carrier system in IVD therapeutic strategies.

Therapeutic applications of high--molecular weight HA have been shown to facilitate long-term functional improvements by attenuating inflammation and pain in a number of clinical conditions, including osteoarthritis (OA) ([@R18]). Compared with control solutions, HA solutions decrease transient receptor potential cation channel subfamily V member 1 (TRPV1)--mediated impulse firing and channel sensitization in dorsal root ganglia (DRG) cultures and reduced both heat-induced and capsaicin-induced nocifensive responses in rodents, and intra-articular injections of HA decrease capsaicin responsiveness of joint nociceptor fibers ([@R19]). In the case of IVD degeneration, we have reported therapeutic effects of a cross-linked HA-PEG hydrogel in attenuating inflammation and expression of neurotrophic factors by binding to CD44 in inflamed NP cells ([@R20]). However, the extent to and mechanisms by which HA targets inflammatory pain in disc degeneration are not currently established.

The IVD is characterized by a large carbohydrate complex, which is considered an inert material, to become hydrated and contribute to the structural scaffold. Specifically, glycans are normally in the front lines to communicate between the cells and thereby play a key role in mediating cell-cell and cell-ECM interactions from cell migration and immune response to disease progression ([@R21]). Nevertheless, the change of glycan distribution in response to IVD injury and post-implantation of any biomaterial implant is not determined.

Here, we describe the development of a novel preclinical model of pain associated with symptomatic disc degeneration in the rat tail. We have used this model to further investigate the efficacy of treatment of painful disc degeneration with an HA hydrogel. First, we hypothesized that surgical puncture--induced disc injury would elicit robust pain--related behavior in rats, induce spinal molecular markers of pain and structural disc degeneration, and differentially modulate glycosylation in AF and NP tissues. Second, we hypothesized that HA hydrogel treatment would subsequently alleviate nociceptive behavior, inhibit sensory hyperinnervation and expression of peripheral pro-nociceptive receptors TRPV1 and high-affinity NGF receptor (Trk-A) in vivo, down-regulate mRNA expression of the spinal nociception markers *c-Fos* and *Tac1* (which encodes substance P), and regulate the glycosylation and proteomic expression to modulate inflammatory and protein regulatory pathways in both NP and AF tissues.

RESULTS
=======

Evaluation of IVD injury--induced pain model
--------------------------------------------

Rat coccygeal IVDs were surgically punctured at levels Co5--Co6 and/or Co4--Co5 ([Fig. 1A](#F1){ref-type="fig"}, i, and C, i and ii) to induce robust pain--related behavior.

![Schematic representations of the experimental design and procedures.\
(**A**) Experimental design. (i and ii) The study was designed as follows: phase I, development and characterization of an IVD pain model; phase II, validation of the model using morphine; phase III, therapeutic efficacy of implanted HA hydrogel following IVD injury. (**B**) Cross-linking of high--molecular weight HA and four-arm PEG amine. (i) After functionalization with *N*-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), the amine groups of HA molecules react with the succinimidyl groups of PEG amine. (ii) Hydrogels for implantation were prepared by pipetting 4 μl of a mixture of HA, PEG amine, NHS, and EDC onto a hydrophobic surface, followed by incubation at 37°C for 1 hour to complete cross-linking. (**C**) Surgical procedure. (i) Identification of the coccygeal disc at the Co4--Co5 level. A rubber band (marked in blue) was applied at the base of the tail. Discs were treated by injury alone or injury with implantation of HA hydrogel (marked in purple). (ii) Steps of the surgical procedure. A disc was dissected by pushing aside connective tissue and tendons until the ivory matter of the AF tissue (gray arrow) was reached. The defect was created by puncturing NP tissue through AF tissue at a diameter of 1 mm and a depth of up to 2 mm. (**D**) Neuroanatomy of the rat tail to define the receptive fields of the stimuli used for the pain behavior tests.](aaq0597-F1){#F1}

### Pain phenotype

Pain phenotyping was conducted by quantitative sensory testing after surgical puncture--induced IVD injury in the rat tail.

#### Thermal hyperalgesia

The Hargreaves test was performed to study thermal hyperalgesia by applying a noxious thermal stimulus to the ventral base of the tail. At baseline (before any procedure), no significant difference was seen between the four experimental groups \[rats receiving only isoflurane (sham-isoflurane), rats receiving a skin incision but no injury to the disc tissues (sham-incision), rats with Co4--Co5 injury, and rats with Co4--Co5 + Co5--Co6 injury\]. Rats in the two sham groups had withdrawal latency comparable to baseline when evaluated on days 2, 7, 14, and 29. However, withdrawal latency was significantly shorter in both the injury groups after treatment compared with baseline or with the sham groups at each time point. No significant difference was seen between the Co4--Co5 and Co4--Co5 + Co5--Co6 injury groups, indicating that single- and adjacent-level injuries produce comparable levels of thermal hyperalgesia in this model. Thus, puncture-induced disc injury evoked thermal hyperalgesia in the rat tail, evident on postoperative days 2, 7, 14, and 29 \[tested by one-way and repeated-measures analysis of variance (ANOVA), *P* \< 0.05; *n* = 5 rats per group; [Fig. 2A](#F2){ref-type="fig"}, i\].

![Characterization of a pain model induced by IVD injury.\
(**A**) Tests of pain sensitivity and their effects on gene expression. (i) The Hargreaves test demonstrated thermal hyperalgesia, with significantly lower latency times in both injury groups than in both sham control groups. (ii) The von Frey test indicated mechanical allodynia, with significantly lower 50% withdrawal threshold in the double-disc injury group than in either control group. (iii) The tail-flick test denoted hypoalgesia, with significantly higher withdrawal latency times in both injury groups compared to both sham control groups. (iv) Mean fold change of the *c-Fos* gene in the dorsal horn of the spinal cord was significantly higher after injury than in either control groups, with rats euthanized within 30 min of thermal stimulation at proximal rat tail at day 29. (**B**) Histological assessment of healthy and injured discs. (i) On postmortem histology of day 29, H&E staining showed AF tears and clustering of cells and the presence of chondroid nests in NP tissue after disc injury. (ii) Masson's trichrome staining showed loose collagen fibers in AF tissue. (iii) Alcian blue staining showed less proteoglycans in the NP matrix. (**C**) Glycosignatures and sulfation patterns in response to disc injury. (i) Binding of SNA-I \[to α-(2,6)--linked sialic\] and MAA \[to α-(2,3)--linked sialic acid\] was higher in NP tissue in injured than in uninjured discs. Binding of Con A lectin (indicating mannose), UEA-I \[to α-(1,2)--linked fucose\], PNA \[to nonsialylated Gal-β-(1,3)-GalNAc\], and GS-I-B4 (to α-Gal) was higher in AF and NP tissues in injured tissues compared to uninjured discs. Binding of WFA (to α- or β-linked terminal GalNAc) was lower in NP tissues in injured compared to uninjured discs. (ii) Quantification of HA and the variously sulfated CS disaccharides by HPLC. \**P* \< 0.05, significant difference between groups, by one-way ANOVA (A) or *t* test (C). *n* = 5 rats per group for (A), and *n* = 3 rats per group for (B) and (C). Data are means ± SEM. Scale bars, 100 μm.](aaq0597-F2){#F2}

#### Mechanical allodynia

von Frey filaments were applied to the same receptive field as that in the Hargreaves test to analyze mechanical allodynia. No differences between the four groups were observed at baseline. The 50% withdrawal threshold was significantly lower in the sham-incision group than in the sham-isoflurane group, and in the Co4--Co5 + Co5--Co6 injury group compared with both sham groups at days 2, 7, 14, and 29. No differences were observed between the injury groups. These results suggest that puncture-induced disc injury elicits mechanical allodynia in the rat tail until at least 29 days after operation (tested by one-way and repeated-measures ANOVA, *P* \< 0.05; *n* = 5 rats per group; [Fig. 2A](#F2){ref-type="fig"}, ii).

#### Thermal hypoalgesia

Tail-flick testing was conducted by applying a radiant heat stimulus to the ventral middle part of the tail. No differences in withdrawal latency were observed at baseline. No differences from baseline were observed in the sham control groups up to day 28. On days 3, 8, and 15, the latency time in the injury groups was higher than at baseline, and significantly higher than in the sham groups on the same days, suggesting hypoalgesia to a stimulus applied distal to the site of injury (tested by one-way and repeated-measures ANOVA, *P* \< 0.05; *n* = 5 rats per group; [Fig. 2A](#F2){ref-type="fig"}, iii). These results may indicate a diffuse noxious inhibitory control (DNIC)--like process operating in the model, with injury-related pain suppressing pain at a site distal from the site of injury.

#### Up-regulation of the *c-Fos* gene

We activated afferent sensory neurons by applying thermal stimulus to the distal rat tail and dissected the sacral dorsal horn in the spinal cord within 30 min following stimulation. We used this approach because transcription of *c-Fos* mRNA occurs rapidly, within minutes of stimulation, and its expression is transient. In our experimental groups, significant up-regulation of *c-Fos* mRNA expression occurred in the dorsal horn in both injury groups compared to the control groups (fold change versus sham-isoflurane was 3.7 ± 1.0 for Co4--Co5 and 4.1 ± 0.6 for Co4--Co5 + Co5--Co6 injury); however, there was no significant difference between sham-incision (3.775 ± 0.7563) and either of the injury groups (tested by one-way ANOVA, *P* \< 0.05; *n* = 5 rats per group; [Fig. 2A](#F2){ref-type="fig"}, iv). These data suggest that IVD injury induces activation of afferent neurons after noxious stimulation, which in turn results in nociceptive transmission in the central nervous system with consequent activation of second-order pain transmission neurons of the spinal cord dorsal horn, as evidenced by increased expression of the marker of neuronal activity, *c-Fos*.

### Injured discs show microstructural disc degeneration

In the injured disc tissues at postsurgery day 29, hematoxylin and eosin (H&E) staining revealed annular rupture, mixed clustering of NP cells, and the presence of chondroid nests in the NP tissue, whereas uninjured discs had well-organized AF tissue, normal NP cellularity, and no cell clusters ([Fig. 2B](#F2){ref-type="fig"}, i). Masson's trichrome staining of injured discs showed loose collagen fibers in AF tissue, with fibrinous components dominating both AF and NP tissues ([Fig. 2B](#F2){ref-type="fig"}, ii). Compared with uninjured discs, reduced Alcian blue staining in the NP matrix in injured discs indicated a reduction in expression of proteoglycans and HA in the ECM. We graded the tissue sections according to the main subcategories of histological classification ([Fig. 2B](#F2){ref-type="fig"}, iii), recording scores of zero for uninjured discs and higher scores in all categories for injured discs. The mean total score of seven for the injured discs, according to a validated histological grading system ([@R22]), corresponded to a Thompson grade of III ([Table 1](#T1){ref-type="table"}). These findings indicate that IVD injury induced anatomical disruption in the disc tissue for at least a month after injury.

###### Histological grading based on all staining showed microstructural disc degeneration after injury, which was clinically classified as being grade III.

  **Category**                 **Score**   **Histological features**                                               **Observed score**   
  ---------------------------- ----------- ----------------------------------------------------------------------- -------------------- ---
  AF morphology                0           Well-organized AF, half-ring--shaped structure, collagen lamellae       0                    
                               1           Partly ruptured AF; loss of half-ring--shaped structure                                      1
                               2           Completely ruptured AF; no intact half-ring--shaped collagen lamellae                        
  NP cellularity               0           Normal cellularity; no cell clusters                                    0                    
                               1           Mixed cellularity; normal pattern with some cell clusters                                    
                               2           Mainly clustered cellularity; chondroid nests present                                        2
  NP matrix                    0           Intense staining; blue staining dominates                               0                    
                               1           Reduced staining; mixture of blue and slight red staining                                    
                               2           Faint blue staining; increased red staining                                                  2
  Boundary between AF and NP   0           Clear boundary between AF and NP tissues                                0                    
                               1           Boundary less clear; loss of annular-nuclear demarcation                                     
                               2           No distinguishable boundary between AF and NP tissues                                        2
                                           Total score                                                             0                    7

### Injured discs have a unique glycosignature

At the cellular and ECM levels, IVDs have been shown to have distinct glycoprofiles, as well as compositions of CS and sulfation patterns that vary from immaturity to maturity, suggesting a role for sugar moieties in modulation of age-associated disc degeneration. To investigate this role, we determined the glycoprofiles in injured and healthy IVDs with a library of lectins and carbohydrate-specific antibodies that were chosen on the basis of typical mammalian glycosylation expression.

#### Sialylation

*Sambucus nigra* agglutinin I (SNA-I) lectin binds to α-(2,6)--linked sialic acid, *Maackia amurensis* agglutinin (MAA) binds to α-(2,3)--linked sialic acid, and wheat germ agglutinin (WGA) binds to sialic acid and GlcNAc ([Table 2](#T2){ref-type="table"}). In tissues taken on day 29, we observed significantly higher binding of SNA-I and MAA in NP tissue in injured IVDs than in uninjured IVDs ([Fig. 2C](#F2){ref-type="fig"}, i, and fig. S1, A and B). However, only slightly higher binding of SNA-I and MAA was observed in injured AF tissue than in uninjured tissue. We found no significant difference in WGA binding in both AF and NP ([Fig. 3C](#F3){ref-type="fig"}, i, and fig. S1C). Overall, SNA-I, MAA, and WGA binding in each tissue (AF and NP) was higher in injured discs than in uninjured discs (*t* test, *P* \< 0.05; *n* = 3; [Fig. 2C](#F2){ref-type="fig"}). These data suggest that there is an increase in sialylation during inflammation as expected.

###### Binding specificity and haptenic sugars of lectins for profiling of tissue glycosylation.

A haptenic sugar is a monosaccharide or disaccharide that can inhibit binding of a lectin.

  **Lectin**   **Binding specificity**                                                                      **Haptenic sugar** (**100 mM**)
  ------------ -------------------------------------------------------------------------------------------- ---------------------------------
  SNA-I        Sialic acid-α-(2,6)--Gal(NAc)--R                                                             Lactose
  MAA          Sialic acid-α-(2,3)--Gal(NAc)--R                                                             Lactose
  WGA          Sialic acid, GlcNAc                                                                          GlcNAc
  PNA          Gal-β-(1,3)-GalNAc (T antigen), \> GalNAc \> lactose \> Gal, terminal β-Gal, nonsialylated   Gal
  GS-I-B4      Terminal α-linked Gal                                                                        Gal
  Con A        α-Linked Man, GalNAc and GlcNAc                                                              Man
  UEA-I        α-(1,2)--Linked fucose                                                                       Fucose
  WFA          GalNAc and CS                                                                                GalNAc

![Alleviation of the injury-induced pain phenotype by HA hydrogel implantation and by morphine treatment.\
(**A**) (i) Alleviation of the injury-induced pain phenotype by HA hydrogel implantation and by morphine treatment. (i) Low-dose morphine (2 mg/kg) injection 30 min before the Hargreaves test resulted in significantly higher withdrawal latency times than in injured rats without morphine. (ii) Low-dose morphine injection before the von Frey test resulted in significantly higher 50% withdrawal thresholds than in injured rats or the morphine treatment. (iii) Low-dose morphine injection before the tail-flick test resulted in significantly lower withdrawal latency times than in the injured rats without morphine. (**B**) (i) In the Hargreaves test, withdrawal latency times were significantly higher in the HA hydrogel--treated injury group (and the control group) than in the untreated injury group. (ii) In the von Frey test, 50% withdrawal thresholds were significantly higher in the HA hydrogel--treated injury group (and the control group) compared to the untreated injury group. (iii) In the tail-flick test, withdrawal latency times were significantly lower in the HA hydrogel--treated injury group (and the control group) than in the untreated injury group. (iv) Post-mortem, expression of genes encoding molecular markers of nociception substance P (*Tac1*) and *c-Fos* was significantly lower in the HA hydrogel--treated injury group (and the control) than in the untreated injury group. (**C**) (i) Confocal microscopy demonstrated the presence in AF and NP tissues, particularly in the untreated injury group, of the GAP43 protein (yellow label) for nerve ingrowth, the sensory neuropeptide CGRP (purple label), and TRPV1 (green label). (ii) The NGF receptor Trk-A (red label) was evident in AF and NP tissues. (iii) The quantified percentage volume fractions of GAP43, CGRP, TRPV1, and Trk-A were significantly higher in the untreated injury group than in the sham control group or the HA hydrogel--treated injury group in both AF and NP tissues. \**P* \< 0.05, significant difference between groups, by one-way ANOVA. *n* = 10 for (A) and (B), and *n* = 4 for (C). Data are means ± SEM. Area fraction data were normalized to the total area. Scale bars, 50 μm.](aaq0597-F3){#F3}

#### High-mannose--type glycosylation

Concanavalin A (Con A) lectin binds to mannose, which is present in all N-linked glycans ([Table 2](#T2){ref-type="table"}). An increase in the expression of high-mannose type N-linked structures is typically observed under cellular stress, and undifferentiated stem cells also express greater quantities of high-mannose structures than differentiated cells. In both NP and AF tissues, we detected significantly higher levels of binding of Con A in the injury groups than in the control groups (*t* test, *P* \< 0.05; *n* = 3; [Fig. 2C](#F2){ref-type="fig"} and fig. S1D), which may indicate an increase in cellular stress.

#### Fucosylation

*Ulex europaeus* agglutinin I (UEA-I) lectin binds to α-(1,2)--linked fucose ([Table 2](#T2){ref-type="table"}). In both NP and AF tissues, significantly higher levels of binding of UEA-I in the injury groups were detected compared to the control groups (*t* test, *P* \< 0.05; *n* = 3; [Fig. 2C](#F2){ref-type="fig"} and fig. S1E), suggesting glycosylation alterations associated with inflammation.

#### Galactosylation

*Griffonia simplicifolia* isolectin (GS-I-B4) and peanut agglutinin (PNA) lectins bind to terminal α-linked galactose (Gal) residues and Gal-β-(1,3)-GalNAc (T antigen), respectively ([Table 2](#T2){ref-type="table"}). In both NP and AF tissues, we detected significantly higher levels of binding of GS-I-B4 and PNA in the injury groups than in the control groups (*t* test, *P* \< 0.05; *n* = 3; [Fig. 2C](#F2){ref-type="fig"} and fig. S1, F and G). GS-I-B4 binding was intracellular, whereas PNA binding was seen in the ECM. *Wisteria floribunda* agglutinin (WFA) lectin binds to either α-linked or β-linked terminal *N*-acetylgalactosamine (GalNAc), including that in CS ([Table 1](#T1){ref-type="table"}). In both AF and NP tissues, we observed binding of WFA only in the ECM. In NP ECM, significantly lower levels of WFA binding occurred in the injury groups than in the control groups (*t* test, *P* \< 0.05; *n* = 3; [Fig. 2C](#F2){ref-type="fig"} and fig. S1H).

#### CS and HA composition

The proportions of HA and CS unsaturated disaccharides (Δdi-C0S, Δdi-C4S, and Δdi-C6S) were assessed by high-performance liquid chromatography (HPLC) in the control and injury groups ([Fig. 2C](#F2){ref-type="fig"}, ii). The HPLC method used did not differentiate between the unsaturated HA and C0S disaccharides, likely because their peaks have a close retention time and the unsaturated HA disaccharide would be present in much greater quantity than Δdi-C0S, thereby overlapping the latter peak. Although, in both NP and AF tissues, the proportion of C4S tended to be higher in the injury groups than in the control groups, no significant differences were observed in disaccharide composition (*P* \< 0.05). The C6S composition was lower (but not significant) in the injury groups compared to control groups of AF and NP tissues. Overall, these findings indicated IVD injury--induced matrix changes with a trend toward altered sulfation in the injured tissues. Collectively, HA-treated rats demonstrated persistent mechanical allodynia and thermal hyperalgesia, along with changes in molecular marker expression and glycosylation, and structural disc degeneration.

Validation of IVD pain model by morphine treatment
--------------------------------------------------

To inhibit pain in our model, we injected high (10 mg/kg) and low (2 mg/kg) doses of morphine 30 min before each nociceptive behavioral test on pre- and postoperative days, as described in Materials and Methods ([Fig. 1A](#F1){ref-type="fig"}, ii).

### Morphine reduces thermal hyperalgesia

The Hargreaves test demonstrated significantly higher withdrawal latency times in both control and injury groups with low-dose morphine compared with the saline-treated injury group (one-way ANOVA, *P* \< 0.05; *n* = 5; [Fig. 3A](#F3){ref-type="fig"}, i), indicating that morphine reduced thermal hyperalgesia in the rat tail, and that this effect persisted in the presence of injury when the thermal stimulus was close to the injury site. High-dose morphine induced a state of catalepsy, resulting in withdrawal latency times at or above the maximum for the assay (20 s).

### Morphine alleviates mechanical allodynia

von Frey testing demonstrated that, on days 2, 7, and 14, the 50% withdrawal threshold was significantly higher in the injury group with low-dose morphine than in the injury group with saline treatment (one-way ANOVA, *P* \< 0.05; *n* = 5; [Fig. 3A](#F3){ref-type="fig"}, ii), indicating that morphine alleviated mechanical allodynia in the rat tail close to the site of injury. Rats that received a high dose of morphine exhibited the maximum withdrawal threshold.

### Morphine reverses thermal hypoalgesia

In the tail-flick test on days 3, 8, and 15, withdrawal latency was significantly lower in the injury groups with low-dose morphine than with saline treatment (one-way ANOVA, *P* \< 0.05; *n* = 5; [Fig. 3A](#F3){ref-type="fig"}, iii), suggesting that morphine alleviated thermal hypoalgesia in the rat tail when the thermal stimulus was not close to the injury site. Rats that received a high dose of morphine were cataleptic and did not respond to the stimulus within the time frame of the test.

Therapeutic efficacy of implantable HA hydrogel in painful IVD degeneration
---------------------------------------------------------------------------

Our results indicate that the rat tail injury model produced a persistent pain phenotype, enabling us to investigate the effects of HA hydrogel in the modulation of pain under physiological conditions. In addition, no leakage of the implanted HA hydrogel was seen in the injured discs to the surrounding tissue.

### HA hydrogel exhibits anti-hyperalgesic and anti-allodynic effects

Using this model, we performed quantitative sensory testing to observe therapeutic efficacy of HA hydrogel in the alleviation of nociceptive behavior. In injured rats that were implanted with HA hydrogel (and in sham control rats), the withdrawal latency in the Hargreaves test was significantly higher than in injured rats without HA hydrogel at each time point over a 29-day period (one-way ANOVA, *P* \< 0.05; *n* = 10; [Fig. 3B](#F3){ref-type="fig"}, i). Similarly, significant increases in the 50% withdrawal threshold in the von Frey test were observed in the HA hydrogel--treated injury group (and in the sham control group) compared with the untreated injury group (one-way ANOVA, *P* \< 0.05; *n* = 10; [Fig. 3B](#F3){ref-type="fig"}, ii). These results suggest that HA hydrogel alleviated thermal hyperalgesia and mechanical allodynia in the rat tail around the injury site. In the tail-flick test, injured rats receiving HA hydrogel treatment (and sham control rats) had significantly shorter withdrawal latency than injured rats without treatment (one-way ANOVA, *P* \< 0.05; *n* = 10; [Fig. 3B](#F3){ref-type="fig"}, iii), suggesting that HA hydrogel treatment suppresses thermal hypoalgesia in response to a stimulus applied distal to the site of injury in the rat tail.

### HA hydrogel suppresses c-Fos and Tac1 expression at the spinal level

The observation that the HA hydrogel modulates pain behavior prompted us to investigate mRNA expression of the immediate-early genes *c-Fos* and *Tac1*, which encodes protachykinin-1 (a precursor protein that is cleaved into peptides including substance P), in the pain-processing neurons of the left spinal cord dorsal horn. At day 29, the dorsal horn was dissected within 30 min of application of thermal stimulus to the proximal tail. We found significantly lower *c-Fos* expression in the HA hydrogel--implanted injury group (and in the sham control group) compared with the untreated injury group. A similar result was obtained for *Tac1* (for both *c-Fos* and *Tac1*: one-way ANOVA, *P* \< 0.05; *n* = 4; [Fig. 3B](#F3){ref-type="fig"}, iv). These results suggested that the HA hydrogel suppressed nociceptive transmission by attenuating injury-induced *c-Fos* and *Tac1* expression in dorsal horn neurons.

### HA hydrogel inhibits injury-induced peripheral sensory hyperinnervation and expression of the pro-nociceptive receptors TRPV1 and Trk-A

Using confocal fluorescence microscopy, we examined colocalization of the GAP43 protein (which is expressed during nerve ingrowth), the sensory neuropeptide CGRP, the pro-nociceptive ion channel TRPV1, and NGF receptor Trk-A in the AF and NP tissues 29 days after operation. GAP43, CGRP, and TRPV1 colocalized in AF tissue after injury ([Fig. 3C](#F3){ref-type="fig"}, i). We also observed a projection of sensory nerve innervation with neuropeptides (GAP43 and CGRP), TRPV1, and Trk-A in NP tissue ([Fig. 3C](#F3){ref-type="fig"}, i). We observed less GAP43, CGRP, and TrpV1 immunoreactivity in AF and NP tissues from control rats and from injured rats implanted with HA hydrogels than in tissues from untreated injured rats ([Fig. 3C](#F3){ref-type="fig"}, i). In both AF and NP tissues, the percentage volume fractions of immunostained GAP43, CGRP, TRPV1, and Trk-A were all significantly higher in the untreated injury group than in either the HA hydrogel--treated injury group or the untreated sham control group (one-way ANOVA, *n* = 4). This was assessed by quantifying four microscopic views of each slide with three technical and four biological replicates (*P* \< 0.05; [Fig. 3C](#F3){ref-type="fig"}, ii). Overall, these findings confirmed that HA hydrogel implantation inhibited injury-induced peripheral sensory innervation and pro-nociceptive TRPV1 and Trk-A expression in AF and NP tissues.

### HA hydrogel modulates sialylation, galactosylation, and GAG content

Altered sialylation has been observed in degenerative joint diseases. We observed lower SNA-I binding in AF and NP tissues of rats in the HA hydrogel--treated injury group than in the untreated injury group (one-way ANOVA, *P* \< 0.05; *n* = 4; [Fig. 4A](#F4){ref-type="fig"}, i, and fig. S2A). MAA binding showed a similar pattern of binding (one-way ANOVA, *P* \< 0.05; *n* = 4; [Fig. 4A](#F4){ref-type="fig"}, ii, and fig. S2A). No significant difference in WGA binding was observed in either AF or NP tissues of rats in the untreated injury group compared with rats in the HA hydrogel--treated injury group ([Fig. 4A](#F4){ref-type="fig"}, iii, and fig. S2A).

![Effects of HA hydrogel implantation on glycosylation in the injury-induced pain model.\
(**A** to **C**) Assessment of glycosylation on day 29 after injury through quantification of lectin binding and GAG expression (fig. S2). (A, i to iii) SNA-I (red label), MAA (green label), and WGA (green label) binding to α-(2,6)--linked sialic acid, α-(2,3)--sialylated Gal and *N*-acetyl-[d]{.smallcaps}-glucosamine, or sialic acid was observed in the sham control, injury, and HA hydrogel--treated injury groups, respectively, in AF and NP tissues. (B, i to ii) GS-I-B4 (green label) and WFA (green label) binding to α-Gal and terminal GalNAc motifs was observed in the untreated injury group in AF and NP tissues of sham control, untreated injury, and HA hydrogel--treated injury groups. (C) Expressions of CS (purple label) and KS (yellow label) were denoted in the sham control, untreated injury, and HA hydrogel--treated injury groups in AF and NP tissues. (**D**) Correlation between glycoprofiles and nociception markers. Clustering analysis was carried out on the quantification profiles from confocal fluorescence microscopy of glycosylation and sensory hyperinnervation and nociceptive markers in AF (i) and NP (ii) tissues for the sham control, untreated injury, and HA hydrogel--treated injury groups (*n* = 4). Scale bars, 50 μm.](aaq0597-F4){#F4}

For determination of galactosylation, intracellular GS-I-B4 binding was significantly lower in both AF and NP tissues in the HA hydrogel--treated injury group than in the untreated injury group (one-way ANOVA, *P* \< 0.05; *n* = 4; [Fig. 4B](#F4){ref-type="fig"}, i, and fig. S2B). WFA binding in the ECM of NP tissue was significantly higher in the HA hydrogel--treated injury group than in the untreated injury group (one-way ANOVA, *P* \< 0.05; *n* = 4; [Fig. 4B](#F4){ref-type="fig"}, ii, and fig. 2B), but not significantly different in AF tissue.

The CS and KS expression was determined by antibody staining. CS localized in the ECM, whereas KS localized intracellularly ([Fig. 4C](#F4){ref-type="fig"}). CS expression was significantly higher in the untreated injury group than in the sham control group in both AF and NP tissues (one-way ANOVA, *P* \< 0.05; *n* = 4; fig. S2A) and did not significantly differ between the untreated injury group and the HA hydrogel--treated injury group. KS expression was significantly higher in NP cells in the untreated injury group than in the sham control group, and was significantly lower in both AF and NP cells in the HA hydrogel--treated injury group than in the untreated injury group (one-way ANOVA, *P* \< 0.05; *n* = 4; [Fig. 4C](#F4){ref-type="fig"} and fig. S2A).

### Correlation of glycosylation, innervation, and markers of nociception

Associations between binding of markers of glycosylation and innervation by nociceptive nerves in AF and NP tissues were analyzed by clustering analysis on the basis of Pearson correlation coefficient distances ([Fig. 4D](#F4){ref-type="fig"}, i and ii). Sialylation expression (measured by binding of SNA-I, MAA, and WGA), galactosylation (GS-I-B4), KS, and CS correlated with each other and with sensory innervation (GAP43 and CGRP) and TrpV1 in AF and NP tissues. In addition, we observed a relationship between WGA and GS-I-B4 binding, and between KS and CS with GAP43, CGRP, and TRPV1, in NP tissue ([Fig. 4D](#F4){ref-type="fig"}, i and ii).

### Injury and treatment modulate the cellular and extracellular proteomic signature

Protein expression in the rat tail injury model was analyzed by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). Tryptic digests of AF and NP tissues contained higher numbers of proteins than the ECM-specific proteinase K digests (fig. S3). The proteinase K digestion method identified 532 and 766 proteins specifically in the ECM of AF and NP tissues, respectively (fig. S3A). Tryptic digestion identified 2126 and 1084 cellular and extracellular proteins in AF and NP tissues, respectively (fig. S3B). Heatmaps show the relative (log~2~-transformed) expression levels of differentially expressed proteins (fold change \>2 or \<−2 for log~2~ expression values, *P* \< 0.01) in the AF and NP tissues in the sham control, untreated injury, and HA hydrogel--treated injury groups ([Fig. 5A](#F5){ref-type="fig"}, i and ii). For Ingenuity Pathway Analysis (IPA), we set the −log (*P* value) threshold to 1.3 to determine dysregulated signaling pathways from the data set of 389 differentially expressed proteins. The main dysregulated cellular functions, including inflammatory response innervation, neurotransmission, connective tissue and neuromuscular disorder, and ECM regulation, were analyzed in more detail with IPA, because these functions are key determinants in disc degeneration. We found that pathways involving eukaryotic initiation factor 2, serine/threonine-protein kinase mTOR (mammalian target of rapamycin), the unfolded protein response, the acute-phase response, and endothelial nitric oxide synthase were represented by the differentially expressed proteins ([Fig. 5B](#F5){ref-type="fig"}, i). Acute-phase response signaling involves IL-1β, IL-6, TNF-α, and the glucocorticoid receptor (among many other factors) (fig. S4) and can modulate inflammation (fig. S5) and catabolic responses in AF and NP tissues. Among the upstream regulators of the cellular functions that were modified in our rat tail model, transforming growth factor β1 (TGF-β1), proto-oncogene *c-Fos*, SMAD family member 3 (Smad3), p38 mitogen-activated protein kinase (MAPK), and nuclear factor κB (NF-κB) were activated in AF and NP tissues in untreated and HA hydrogel--treated injury groups compared with sham controls ([Fig. 5B](#F5){ref-type="fig"}, ii). Finally, protein synthesis, cell death and survival, connective tissue disorder, inflammatory response, and skeletal and muscular disorder were the key diseases and biological functions that had significantly higher representation in our experimental groups ([Fig. 5B](#F5){ref-type="fig"}, iii).

![Proteomic analysis of IVDs.\
(**A**) Proteins were isolated from the ECM by proteinase K digestion (i) and from cells and ECM by trypsin digestion (ii). Differentially expressed proteins are shown in heatmaps of log~2~-transformed abundance generated by Peak Studio, with red for high expression and green for low expression. (**B**) IPA of the protein data set from MaxQuant analysis. (i) IPA identified canonical pathways that were likely to be involved in the response to disc injury and to HA hydrogel implantation in AF and NP tissues. (ii) Heatmap of the top upstream regulators involved in modulated cellular functions with a *Z* score of \>1.5. (iii) Disease- and function-related pathways identified by IPA. (**C**) Cytokine profiling. (i and ii) In AF and NP tissues, the levels of IL-6 and IL-1β (and IFN-γ in AF) were significantly higher (and IL-10 was lower) in the untreated injury group than in the sham control or HA hydrogel--treated injury groups. (iii) In blood plasma, the levels of IL-6, CXCL1, and IL-1β were significantly higher in the untreated injury group than in the sham control or HA hydrogel--treated injury groups. (iv) Levels of IL-6, CXCL1, and IL-1β varied between saline-treated and morphine-treated groups. (**D** and **E**) Expression of the regulator proteins: (D, i and v) c-Fos, (D, ii and v) phosphorylated p38 MAPK, (D, iii and v) phosphorylated NF-κB, (D, iv and v) Smad3, (E, i and iii) TGF-β1 and type I collagen, and (E, ii and iii) aggrecan and fibronectin. \**P* \< 0.05, significant differences between the HA-treated injury and untreated injury groups, two-way ANOVA \[*n* = 10 for (C, iv), and *n* = 5 for (A), (B), (C, i and iii), (D), and (E)\]; \**P* \< 0.05, significant differences between the HA-treated injury and untreated injury groups, one-way ANOVA \[*n* = 3 for (D) and (E)\]. Data are means ± SEM. Scale bars, 50 μm.](aaq0597-F5){#F5}

### HA hydrogel attenuates injury-induced expression of IL-6 and IL-1β

To investigate the effect on inflammatory signaling in our model, we determined the levels of IL-6, IL-1β, TNF, interferon-γ (IFN-γ), CXCL1, IL-10, and IL-13 in blood plasma and disc tissues by the multiplex enzyme-linked immunosorbent assay (ELISA) method. In AF and NP tissues and plasma, levels of proinflammatory cytokines were significantly higher (and anti-inflammatory IL-10 was lower) in the injury group than in the sham control or HA hydrogel--treated injury groups (two-way ANOVA, *P* \< 0.05; *n* = 5 for AF or NP tissues for each group, *n* = 10 for blood plasma for each group; [Fig. 5C](#F5){ref-type="fig"}, i to iii). Furthermore, we measured the levels of cytokines in the plasma after pain inhibition by systemic morphine injections. Plasma levels of CXCL1 and IL-1β were higher in the saline-treated injury group than in the saline-treated sham group or the morphine-treated sham and injury groups (two-way ANOVA, *P* \< 0.05; *n* = 5 for each group; [Fig. 5C](#F5){ref-type="fig"}, iv). Our results suggest that acute-phase response signaling was involved in the dysregulation of IL-6 and IL-1β in response to IVD injury, and that HA hydrogel treatment targeted these canonical pathways by down-regulating proinflammatory cytokines in both AF and NP tissues. Here, we have validated upstream regulators of c-Fos, phosphorylated p38 MAPK, and phosphorylated NF-κB, as evident in the confocal photomicrographs, all of which are involved in inflammatory pain signaling ([Fig. 5D](#F5){ref-type="fig"}, i to iii and v).

### HA hydrogel potentially regulates ECM deposition via Smad3--TGF-β1 signaling

Inflammation has a critical role in the modulation of the catabolic process during IVD degeneration. The results of our pathway analysis suggest that the Smad3 protein family was a candidate for mediation of ECM deposition via Smad3--TGF-β1 signaling after HA hydrogel treatment ([Fig. 5D](#F5){ref-type="fig"}, iv and v, and E, i to iii). Protein analysis demonstrated higher levels of type I collagen, type II collagen, fibronectin, fibromodulin, and biglycan in NP tissue in the injury group than in the sham group or the HA hydrogel--treated injury group. In AF tissue, compared with the sham group, levels of type II collagen and fibronectin were higher and fibromodulin and biglycan were lower in the injury group. HA hydrogel treatment resulted in a lower level of type II collagen and higher level of fibromodulin compared with injury alone, but did not affect the levels of fibronectin or biglycan (fig. S6). We also observed nuclear expression of Smad3 in AF and NP tissues ([Fig. 5D](#F5){ref-type="fig"}, iv and v).

DISCUSSION
==========

To the best of our knowledge, this is the first study to establish a model of painful or symptomatic disc degeneration in the rat tail. We performed a surgical puncture--induced disc injury at the coccygeal level, which induced robust pain behavior in rats, persisting for at least 1 month, as shown by quantitative sensory testing. Post-mortem, we observed the induction of spinal molecular markers of nociception, structural disc degeneration, and glycosylation changes in the disc in our model. Many of the changes induced by disc injury were prevented by treatment with an HA hydrogel.

![Possible mechanism of action of the HA hydrogel in the IVD injury--induced model of pain.\
(**A**) Pain signaling from the discs via the dorsal horn of the spinal cord to the brain for pain processing. Descending pathways inhibit pain transmission by releasing noradrenaline and serotonin into the spinal cord. (**B**) (i) In injured discs, AF and NP cells (and macrophages) produce IL-1β, IL-6, and IFN-γ. Activation of IL-1β signaling facilitates the MyD88 complex to phosphorylate Irak1 and activate TGF-β--activated kinase 1 (Tak1) (Tab1 in rats). Tak1 phosphorylates IκB kinase (IKK) complex and p38 MAPK, inducing nuclear translocation of c-Jun/c-Fos, CCAAT/enhancer-binding protein β (NF-IL6), and NF-κB, for transcription of genes encoding cytokines and catabolic and acute-phase response proteins. IL-6 signaling involves transphosphorylation of the IL-6R subunit β (gp130) and activation of Janus kinase 2 (JAK-2) to facilitate nuclear translocation of signal transducer and activator of transcription 3 (Stat3) and transcription of acute-phase response genes. (ii) Implanted HA down-regulates IL-1β and IL-6 and interferes with receptor binding, inhibiting downstream cascades and gene transcription. HA hydrogel also up-regulates Smad3 via TGF-β signaling, promoting ECM synthesis. (**C**) (i and iii) In injured discs, sensory nerves terminate in aneural AF and NP tissues. Neurogenic mediators are released to promote nerve ingrowth, and the presence of noxious stimuli activates nociceptive fibers by sensitizing TrpV1, enabling an influx of sodium and calcium, inducing membrane potential excitability. (ii) The implanted HA hydrogel--induced IVD expression of CGRP and NGF receptor (Trk-A) is reduced compared with untreated injury, preventing hyperinnervation in discs and inhibiting pain sensitization. (iv) In the dorsal horn, the HA hydrogel may suppress nociceptive transmission by attenuating injury-induced expression of *c-Fos* and substance P (*Tac1*).](aaq0597-F6){#F6}

The dermatomes (skin regions) and IVD involved in the study are innervated by dorsolateral and ventrolateral caudal nerves that arise from the sacral (figs. S1 to S4) and coccygeal (Co1--Co3) segments of the spinal cord ([@R23]). Thermal and mechanical stimuli were applied to the ventral surface of the proximal tail in the Hargreaves and von Frey tests. The Hargreaves and tail-flick tests measure thermal nociception processing and can assess heat-related hyperalgesia, which is the increased sensitivity to a noxious, high-intensity thermal stimulus, suggesting activation of Aδ and C fibers of primary sensory neurons ([@R9]). The Hargreaves test identified thermal hyperalgesia close to the site of injury in the rat tail. A von Frey test, with application of different fibers, each of which produced a particular constant force ([@R9]), identified mechanical allodynia in the injured rat tail. Previously published results have also demonstrated that annular puncture in lumbar discs evokes mechanical and thermal hyperalgesia in rats ([@R24]). The tail-flick test identified thermal hypoalgesia with stimulation of a region of the rat tail distal to the site of injury, suggesting that the DNIC phenomenon occurred when noxious stimulation was applied outside of the receptive field corresponding to the injury. DNIC is supraspinally mediated and can inhibit multi-receptive wide dynamic--range neurons in the dorsal horn of the spinal cord, leading to situations in which pain inhibits pain ([@R25]). Therefore, altered endogenous descending pain modulation by DNIC has been suggested as a mechanism underlying chronic pain that could explain hypoalgesia phenomenon in the distal rat tail of this model.

Previously, physiological stimulation of afferent sensory neurons in rats has been shown to increase c-Fos--like immunoreactivity in the nuclei of dorsal horn postsynaptic neurons, indicating that c-Fos is induced by neurotransmission resulting from activation of small-diameter sensory neurons ([@R11]). We also observed up-regulation of *c-Fos* mRNA in the dorsal horn of the sacral segment spinal cord in disc injuries, suggesting that thermal stimulation on proximal rat tail activates nociceptive sensory neurons during the injury, and possibly inducing central sensitization in the dorsal horn of spinal cord.

The anatomical disruptions caused by disc injury resemble pathological features during disc degeneration. These changes were indicated by annular rupture, reduction in the number of collagen fibers in AF tissue, chondroid nests in NP cells, reduction in GAG content in the ECM, and formation of fibrotic tissue in both AF and NP tissues.

Glycosylation has important roles in biological processes including angiogenesis, inflammation, adhesion, differentiation, and cell-cell and cell-ECM interactions ([@R26]). Here, we observed higher levels of sialylation in injured discs, which is in line with a previous demonstration of high levels of sialylation in inflamed or degenerated human chondrocytes ([@R27]). Fully sialylated β~1~ subunits of voltage-gated sodium channels are known to induce uniform, hyperpolarizing shifts in channel gating, thereby being responsible for the initiation and propagation of neuronal action potentials ([@R28]). Thus, the increased sialylation is also likely to be associated with induction of hyperpolarization of the nerve action potentials. In our model, increased fucosylation, mannosylation, and galactosylation were observed in the discs. Alteration of fucosylation is one of the most common modifications associated with oligosaccharides on glycoproteins during tumorigenesis and inflammation ([@R29]). In mice, cell surface fucosylation is regulated via phospholipase Cγ by neural cell adhesion molecule L1 to modulate neurite outgrowth, cell survival, and migration ([@R30]). Previously, higher expression of nonsialylated Gal-β-(1,3)-GalNAc was demonstrated in severely degenerated human cartilage ([@R27]). GS-I-B4 (binds to α-Gal) can be used to trace non--peptide-containing sensory neurons in the discs ([@R31]). In the development of vertebrae, GalNAc has a key role in the differentiation of mesenchymal stem cells into chondroblasts ([@R32]). Our observation of lower GalNAc expression in the ECM of NP tissue after injury is consistent with previous results that showed a loss of GalNAc in neuronal degenerative disease ([@R33]).

To validate our model, we administered morphine systemically at low and high doses before testing pain behavior. Morphine is an opioid drug that targets the central and peripheral nervous systems. Morphine reduces Ca^2+^ influx or increases K^+^ efflux, thereby decreasing repolarization time and the duration of the action potential and inhibiting the release of neurotransmitters (including noradrenaline, glutamate, acetylcholine, and substance P) at presynaptic neurons, to produce an analgesic effect ([@R34]). We observed an inhibitory effect of low-dose morphine on injury-induced thermal hyperalgesia and mechanical allodynia in the rat tail close to the injury site. In contrast, high-dose morphine prevented observation of responses to these stimuli. Low-dose morphine also inhibited injury-induced thermal hypoalgesia to a stimulus applied to the tail distal to the injury site, suggesting inhibition of the DNIC phenomenon. Systemic morphine administration has previously been shown to inhibit supraspinal inhibitory control of dorsal horn convergent neurons when noxious stimuli are applied ([@R35]). We observed no tail-flick response in the rats treated with high-dose morphine, because high doses of morphine induce a state of catalepsy, which is clinically manifested by muscle rigidity, akinesia, a lack of spontaneous activity, and failure to correct an externally imposed posture ([@R36]).

At the time of surgery, we implanted HA hydrogel in one group of rats to investigate the pharmacodynamic effects in physiological conditions. Rats implanted with HA hydrogel had lower levels of thermal hyperalgesia and mechanical allodynia than those with injury alone, which corresponds to a previous observation that an HA solution reduces pain behavior in a mouse model ([@R19]). The tail-flick test showed that HA hydrogel--treated rats diminished thermal hypoalgesia, suggesting inhibition of the DNIC phenomenon, as seen with low doses of morphine. Overall, our data support the hypothesis that HA hydrogels reduce nociceptive behavioral responses to noxious or innocuous stimuli in an IVD injury pain model of the rat tail.

Hyperalgesia resulting from tissue injury and inflammation contributes to central sensitization because of the continuous activation of spinal cord excitatory neurotransmitters or neuropeptides ([@R37]). Central sensitization also increases the activity of C fibers, enhancing the excitability of postsynaptic neurons by the release of glutamate and substance P ([@R38]). We observed a lower expression of *c-Fos*, which is associated with the development of pain hypersensitivity and *Tac1* (encodes substance P) after implantation of the HA hydrogel group, indicating that the HA hydrogel treatment suppresses injury-induced expression of spinal nociception markers in the dorsal horn.

Nociceptors are free nerve endings of fiber type Aδ or C of afferent sensory nerves that terminate in the dorsal horn of the spinal cord. Neurogenic mediators are released during hyperalgesia after tissue injury and can sensitize nociceptors, initiating nociceptive nerve transmission to the spinal cord ([@R39]). Previously, the growth of small, unmyelinated sensory nerve fibers into the inner third of the AF and into the NP has been associated with chronic low back pain; these fibers expressed GAP43 and substance P ([@R6]). The levels of expression of CGRP and Trk-A in sensory nerve fibers innervating the outer AF define these nociceptive DRG neurons as being NGF-sensitive neurons, which are small C fibers that convey a dull pain ([@R5]). Trk-A activation leads to neuronal transduction in the adult nervous system ([@R40]), and NGF has been linked to mechanically evoked pain in OA ([@R41]). Our results demonstrated the inhibitory effect of HA hydrogels on innervation, sensory neuropeptide, and pro-nociceptive receptors. This correlates with previous studies that have shown that HA lowers the excitability of the TRPV1 channel, reducing impulse activity in peripheral nociceptor endings underlying pain in cultured DRG neurons and in vivo in mice ([@R19]).

Injury-induced degenerative changes influenced glycosylation in the discs. Up-regulation of glycosyltransferase mRNA and expression of α-(2,3)/α-(2,6) sialylation have been observed in severely degenerated human cartilage, as indicated by the presence of GalNAc-β-(1,4)-GlcNAc--terminated structures and core 2 O-glycans, as well as the binding of several lectins ([@R27]). We found that HA hydrogel implantation eliminated the injury-induced elevation of sialylation and galactosylation in the discs. We observed elevation of GS-I-B4 binding and the number of sensory nerve terminals in the discs after injury, suggesting that sensory hyperinnervation ([@R31]) in our injury model mimics the processes involved in discogenic pain. This innervation seems to be inhibited by HA hydrogel implantation.

CS is composed of repeating units of GalNAc and GlcA, and GalNAc may be sulfated at the 4-position or the 6-position, which produces a high degree of structural heterogeneity ([@R42]). We found that CS expression was higher in the ECM of AF and NP tissues in the HA hydrogel treatment group, suggesting that the synthesis of sulfated GAGs may promote disc tissue restoration, because CS has also been shown to increase ECM production via the integrin-WNT5A pathway ([@R43]). In addition, we observed that CS correlated with peripheral sensory innervation and nociceptor, which may indicate that recruitment of CS deposition is required not only for tissue recovery but also to inhibit hyperinnervation and peripheral nociception, because CS from IVD-derived notochordal cells has also been shown to inhibit neurite growth in vitro ([@R44]). Fibromodulin is modified with KS and N-linked oligosaccharides, and it has a key role for the maintenance of collagen architecture in the cartilage ([@R45]). KS is composed of sulfated Gal and GlcNAc, α-(2,3)-- and α-(2,6)--linked sialic acid, and α-(1,3)--linked fucose residues upon maturity ([@R45]). Up-regulation of the expression of KS, α-(2,3)-- and α-(2,6)--linked sialic acid in this study, may be related to tissue reorganization during injury and remodeling after the treatment.

To elucidate the therapeutic effect of HA hydrogel in targeting signaling pathways underlying disc degeneration and pain, we identified and quantified proteins and mapped their interactions using pathway analysis. Pathway analysis revealed that acute-phase response signaling involving IL-6 and IL-1β is one of the pathways that contribute to the downstream signaling cascade that activates NF-κB, p38 MAPK, and *c-Fos*, which encode proinflammatory, catabolic, and acute-phase proteins that act during disc degeneration. High expression of IL-1β, IL-6, IL-8, and TNF has been shown to play an essential role in the development of pain during disc degeneration ([@R46]). However, we observed lower levels of IL-6 and IL-1β and higher levels of IL-10 in AF and NP tissues and blood plasma in the HA hydrogel treatment group, which is consistent with our previous observation that HA hydrogels target the IL-1β pathway in inflamed NP cells ([@R20]). These data suggest that HA hydrogel reduces injury-induced inflammation not only in AF and NP tissues but also systemically. The implication of this finding is that it may form the basis for the development of a biomarker/diagnostic platform for screening degenerative disc events (such as inflammation) at the systemic level. Thus, systemic levels of IL-6 have previously been shown to be elevated in patients with low back pain diagnosed with disc diseases ([@R47]).

Degenerative change commences in the ECM of NP tissue, with reductions in expression of proteoglycans, type II collagen, and water content, leading to poor hydrodynamic transfer of axial stress to the AF ([@R1]). In the later stages of IVD degeneration, dysregulated ECM synthesis has been observed, with type I collagen forming strong fibrils predominantly within the NP and inner AF, type II collagen in the outer AF, down-regulation of aggrecan, and up-regulation of fibronectin, versican, biglycan, and decorin, leading to the loss of weight-bearing capacity and disc height ([@R1]). We found that HA hydrogel treatment inhibited ECM dysregulation, reducing the development of fibrous tissue formation. Protein pathway analysis suggested that the Smad3 family regulated the ECM content, including aggrecan, type I collagen, fibronectin, and TGF-β1. We have previously shown that GlcNAc, a component of HA, promotes ECM deposition through the MAPK and SMAD pathways in ex vivo degenerated bovine discs ([@R48]).

Our findings provide the basis for a model of HA hydrogel action in reducing discogenic pain. HA hydrogel may target inflammation and nociception by attenuation of the key IL-1β and IL-6 inflammatory pathways, thereby inhibiting sensory nerve innervation and suppressing expression of peripheral and central pain markers and modulating the ECM and cellular composition. During disc injury--induced inflammation, proinflammatory cytokines, such as IL-1β, IL-6, and IFN-γ, are produced by NP and AF cells as well as by invading macrophages. IL-1β binds to its receptor IL-1R and recruits myeloid differentiation primary response protein MyD88 and IL-1R--associated kinase 4 (Irak4) to phosphorylate Irak1, enabling transient recruitment of TNF receptor--associated factor 6, dissociation of Irak1 from the receptor, and activation of Tak1 ([@R49]). Activated Tak1 (Tab1 in rats) phosphorylates the IKK complex and MAPKs to further activate and translocate c-Jun, c-Fos, CCAAT/enhancer-binding protein β, and NF-κB into the nucleus, resulting in the transcription of genes encoding acute-phase response proteins, cytokines, and degradative enzymes ([@R49]). Binding of IL-6 to IL-6R facilitates IL-6R subunit β (gp130) transphosphorylation and Janus kinase activation, which mediates recruitment of Stat3. Dimerization of phosphorylated Stat3 results in nuclear translocation and transcriptional activation of genes including those encoding acute-phase response proteins ([@R50]).

Activation of afferent unmyelinated C fibers or thinly myelinated Aδ fibers in injured discs occurs by sensitization of nociceptors, such as TrpV1, through posttranslational phosphorylation upon activation of tyrosine kinase receptors (such as Trk-A), which eventually induces membrane potential excitability and generation of the nociceptive impulse ([@R7]). The nociceptive input is transmitted from the injury site to the dorsal horn of the spinal cord. The up-regulation of presynaptic neurotransmitters, such as the amino acids aspartate and glutamate, leads to an increase in neurotransmitter release at postsynaptic neurons, which is enhanced by substance P. Synaptic impulse transmission to second-order neurons occurs ([@R39]) and subsequently activates the expression of the immediate-early gene *c-Fos*, thereby conveying nociceptive input to higher centers in the brain ([@R39]). The second-order neurons relay pain signals along the spinothalamic tract to the thalamus and along the spinoreticular tract to the brainstem. From these locations, the signals can be propagated to different areas of the brain, including the cerebral cortex area containing the primary and secondary somatosensory cortexes (SI and SII) and cingulate gyrus. The descending inhibitory pathways release noradrenaline and serotonin into the spinal cord to inhibit pain ([@R39]).

The possible mechanism of action of HA hydrogel involves interference in the binding of IL-1β and IL-6 to their receptors and inhibition of transcription of genes that encode proinflammatory cytokines and acute-phase proteins. HA hydrogel, possibly via the Smad3 family and TGF-β1, promotes regulation of ECM proteins. A higher expression of CS in the ECM and down-regulation of neurotrophic factors, such as NGF, mediate the inhibition of neurite outgrowth of sensory nerves in discs. Evidence for this process is provided by the suppression of the GAP43 protein, which is important for axonal growth, along with inhibition of sensory neuropeptides in the discs. The inhibition of NGF binding to its receptor, Trk-A, also interferes with posttranslational phosphorylation and can inactivate TrpV1, reducing excitability of nociceptive nerve transmission and reducing ion channel responsiveness to noxious stimuli. At the spinal level, HA hydrogel suppresses substance P in the dorsal horn and reduces *c-Fos* expression, thereby inhibiting nociceptive processing up to the supraspinal region of the brain to exhibit analgesic effect ([Fig. 6](#F6){ref-type="fig"}).

In summary, we have developed a novel IVD injury model for the study of pain associated with disc degeneration. Although this model is restricted to inflammatory pain (not radicular pain) and lack of biomechanical elements as it is adopted in non--load-bearing animals, it can provide a relatively simple platform for the investigation of potential spine interventions. Here, we have seen the therapeutic efficacy of HA hydrogel in the alleviation of the pain phenotype in this model, which may imply that the next generation of HA hydrogel may constitute an injectable system that could be translated clinically in patients with discogenic back pain due to degenerated disc.

CONCLUSIONS
===========

The development of pain, structural degeneration, and distinct glycosylation in a rat tail model of disc degeneration were established in this study. Current analgesic treatment (morphine) reverses the pain phenotype and validates this model. Moreover, using this model, we demonstrated the anti-allodynic and anti-hyperalgesic properties of HA hydrogel treatment of disc injury. The HA hydrogel acts through reduction of nociception and inhibition of hyperinnervation and expression of nociceptive markers via alteration of glycosylation, attenuation of key inflammatory signaling molecules, and modulation of protein regulatory pathways. Our results suggest that HA hydrogel has a potential therapeutic application for the treatment of back pain associated with disc degeneration.

MATERIALS AND METHODS
=====================

All animal-related protocols were performed in accordance with national guidelines and approved by the Animal Care Research Ethics Committee at the National University of Ireland, Galway, and the Health Product Regulatory Authority, Ireland.

Animals
-------

Experiments involved 110 adult (12-week-old) female Sprague-Dawley rats, which were housed two to three per cage in individually ventilated cages, with wood-chip bedding, enriched with a wooden stick. Food and centralized tap water were available ad libitum, lights were turned on at 06:00, the temperature was maintained at 21 ± 2°C, and the husbandry was provided by female staff. Rats were purchased from Charles River Laboratories and acclimated to the vivarium for at least 7 days before testing. For the establishment of the disc-pain model, sample sizes were *n* = 5 for each of the four groups \[Co4--Co5 NP injury; Co4--Co5 + Co5--Co6 NP injury; sham controls receiving isoflurane, but no surgical incision (sham-isoflurane); and sham controls receiving isoflurane and a skin incision, but no injury to the disc tissues (sham-incision)\] with time point day 29. To validate the disc-pain model using a reversible analgesic, sample sizes were *n* = 5 for each of the six groups \[sham-isoflurane + saline, sham-isoflurane + low-dose morphine (2 mg/kg), sham-isoflurane + high-dose (10 mg/kg) morphine, Co4--Co5 + Co5--Co6 NP injury + saline, Co4--Co5 + Co5--Co6 NP injury + low-dose morphine, and Co4--Co5 + Co5--Co6 NP injury + high-dose morphine\] with time point day 29. For the in vivo implantation of HA hydrogel, sample sizes were *n* = 10 for each group \[sham-isoflurane, Co4--Co5 + Co5--Co6 NP injury, and Co4--Co5 + Co5--Co6 NP injury with implanted HA hydrogel (4 μl; 0.03 mg/ml)\] with time point days 7 (*n* = 10) and 29 (*n* = 10).

Materials and reagents
----------------------

Sodium hyaluronate (molecular mass, 1.19 × 10^6^ Da) was purchased from Lifecore Biomedical. Four-arm PEG amine (molecular mass, 2000 Da) was purchased from JenKem Technology. Teflon tape, Superfrost Plus slides, 3-kDa centrifugal filters, and scalpel handle number 3 were purchased from Thermo Fisher Scientific. The RNeasy Mini Kit was purchased from Qiagen. Carprofen was purchased from Pfizer. Isoflurane was purchased from Chanelle Group. Morphine sulfate was purchased from Mercury Pharma Group. Saline \[0.9% (w/v) sodium chloride\] was purchased from B. Braun Medical. Bone-cutting forceps, teeth forceps, and iris scissors were purchased from Fine Science Tools. A 1-mm biopsy puncher with a plunger, artery forceps, and a needle holder were purchased from Medguard. Random primers, reverse transcriptase, 5× reaction buffer, 25 mM MgCl~2~, deoxynucleotide triphosphate (dNTP) mix, and recombinant RNasin ribonuclease (RNase) were purchased from Bioline. TaqMan FAM-labeled preprotachykinin (substance P precursor; *Tac1*) primers (Rn01500392_m1) and *c-Fos* primers (Rn00487426_g1) were purchased from Life Technologies. TaqMan VIC-labeled rodent glyceraldehyde-3-phosphate dehydrogenase (*Gapdh*) primer and Universal PCR Master Mix were purchased from Applied Biosystems. Lectins conjugated with fluorescein isothiocyanate (FITC) or tetramethylrhodamine isothiocyanate (TRITC) were purchased from EY Laboratories. Rabbit polyclonal anti-GAP43 (ab12274), mouse monoclonal anti-CGRP (ab81887), donkey anti-rabbit immunoglobulin G (IgG) (Alexa Fluor 555 conjugate; ab150074), rabbit monoclonal anti--Trk-A (Alexa Fluor 647 conjugate; ab194322), rabbit polyclonal anti-fibronectin (ab2413), mouse monoclonal anti--TGF-β1 (ab64715), and donkey anti-goat IgG (Alexa Fluor 488; ab150129) antibodies were purchased from Abcam. Goat polyclonal anti-TrpV1 (AF3066) and rabbit polyclonal anti-KS (NBP1-62542) antibodies were purchased from Novus Biologicals. Mouse monoclonal anti-CS antibody (C8035) was purchased from Sigma-Aldrich. Goat anti-mouse IgG (Cy5 conjugate; A10524) antibody was purchased from Thermo Fisher Scientific. FITC-conjugated rabbit polyclonal anti-COL1A1 (orb15412) and FITC-conjugated rabbit polyclonal anti-aggrecan (orb15073) antibodies were purchased from Biorbyt. Rabbit polyclonal phospho-p38 MAPK (Thr^180^/Tyr^182^; catalog no. 9211) and rabbit monoclonal phospho--NF-κB p65 (Ser^536^; catalog no. 93H1) antibodies were purchased from Cell Signaling Technology. 4′,6-Diamidino-2-phenylindole (DAPI) was purchased from Life Technologies. von Frey filaments were purchased from North Coast Medical Inc. An analgesic meter was purchased from IITC Life Science. Multiplex ELISA proinflammatory panel 2 was purchased from Meso Scale Discovery. Other materials and reagents were purchased from Sigma-Aldrich.

Synthesis of cross-linked HA hydrogel
-------------------------------------

HA hydrogels were fabricated by mixing 0.75% (w/v) sodium hyaluronate (1.19 × 10^6^ Da) in 1 ml of distilled water with 75 mM four-arm PEG amine, 15% (w/v) NHS, and 9% (w/v) EDC. Spherical hydrogels were obtained by pipetting 4 μl of mixed gel solution (0.03 mg/ml) onto a hydrophobically modified glass slide ([Fig. 1B](#F1){ref-type="fig"}). The hydrogels were then washed with phosphate-buffered saline (PBS) and sterilized under ultraviolet light for 60 min before implantation.

Quantitative behavioral nociception assays
------------------------------------------

Rats were habituated to the arena test environment for 20 min, 24 hours before the commencement of testing, which minimized locomotor activity and stress-induced analgesia during testing. The same investigator performed the scoring in all behavioral tests and was blinded to the experimental groups. The rats were assessed by the Hargreaves, von Frey, and tail-flick tests.

Hargreaves test
---------------

The test was performed 2 days before surgery (day −2) and on days 2, 7, 14, and 29 (after surgery). Rats were placed in Perspex chambers on top of a glass plate (IITC Life Science) to habituate for 20 min. Heat was introduced with a radiant light source, and latency to the response was recorded. Responses included withdrawal, flinching, licking, biting, and shaking the base of the tail. The analgesic meter test head was positioned under the base of the tail, with the beam approximately focused on the ventral surface of the tail, which was opposite to the site of injury. The test head was set to 50% of the maximum output. When the rat responded, the light source was set to "idle" intensity, and the heat source was deactivated. A cutoff of 20 s was set to prevent tissue damage. If no response occurred in this time, then the heat source was automatically returned to idle intensity. On each test day, each rat received four trials, with a minimum interval time of 3 min. Withdrawal latency for each rat was calculated as the average of the four measurements.

Tail-flick test
---------------

The tail-flick test was performed 1 day before surgery (day −1) and on days 3, 8, 15, and 28 (after surgery). On each day, the test for each rat involved four consecutive measurements. Each rat was removed from its home cage, habituated on a towel for 10 min, and then placed on the glass apparatus with its body covered with the towel as a restraint such that its tail projected out. A radiant light source was focused 5 cm from the distal end on the ventral region of the tail to introduce heat, and the latency to tail flick was recorded. A cutoff point of 20 s was assigned to prevent tissue damage. A period of at least 15 s between each test was observed to avoid sensitization of the tail. Tail-flick latency for each rat was calculated as the average of four consecutive measurements.

von Frey test
-------------

The von Frey test was carried out 2 days before surgery (day −2) and on days 2, 7, 14, and 29 (after surgery). The rats were individually placed into six-compartment rat enclosure with wire mesh floors and lids with air holes (IITC Life Science) for a 20-min habituation period to minimize exploratory activity. The test began with a 2-g filament (North Coast Medical Inc.), which was applied to the base of the tail on the ventral surface for a maximum of 6 s, with sufficient force to buckle it slightly. A positive response was considered to have occurred when the rats responded to the applied filament by flinching, licking, withdrawing, or shaking the base of the tail immediately or within the maximum of 6 s. A negative response was recorded if the animal showed no such response to the application of the filament. This process was repeated five times for the 2-g filament. If a response was obtained with the 2-g filament, then the animal was tested with progressively lower weight filaments until no response was obtained in five attempts. The test was continued with ascending filament numbers until five responses were obtained in five attempts for two consecutive filaments. The first output measurement was calculated as percentage (%) withdrawal response. This was calculated for test at each filament weight as follows$$\text{Percentage\ withdrawal\ responses}~(\%) = \frac{\text{Number\ of\ positive\ responses} \times 100}{\text{Number\ of\ applications}~(5)}$$

The second output measurement was the 50% withdrawal threshold. This was defined as the filament weight (or filament number) at which a 50% withdrawal response was obtained. The filament weight and the percentage response each day were tabulated for each individual animal. In XY data table of GraphPad Prism, filaments were tabulated in ascending order in the X column, and percentage response to each filament in each day was tabulated in separate Y column. A nonlinear regression curve was plotted (sigmoidal dose response, variable slope, and set bottom and top constraints as 0 and 100, respectively), and the log EC~50~ (log-transformed to give the logEC~50~) was obtained from the results sheet. A log EC~50~ for each animal on each day was entered into a separate table (days in the X column and groups in separate Y columns, with each rat as a separate replicate). An average for each group was computed and plotted as von Frey filament weight eliciting a 50% response versus time (days).

Implantation of HA hydrogel following surgical puncture--induced injury
-----------------------------------------------------------------------

On day 0, general health measurements, including body weight and temperature, were recorded before surgery. A single administration of the nonsteroidal anti-inflammatory drug carprofen (5 mg/kg, subcutaneous) was given to the rats 15 min before surgery to manage postoperative pain in the early recovery phase. The rats were briefly anesthetized with inhalation of isoflurane (5% for induction and 1.8 to 2% for maintenance). The depth of anesthesia was determined by the loss of the pedal withdrawal (toe pinch) reflex. Moisturizer was dropped into the eyes if they remained open. The surgical site of the dorsal rat tail was washed with a Betadine solution with gauze. The coccygeal discs Co4--Co5 and Co5--Co6 were identified by anatomical surface markings between two vertebral bones through the tail skin. The first disc between these two vertebral bodies counting from the base of the tail is Co4--Co5, followed by Co5--Co6. A rubber band was applied at the base of the tail not later than 30 min after identification of the discs ([Fig. 1C](#F1){ref-type="fig"}, i). Surgery began with dissection with the aid of a binocular surgical loupe, and all surgical instruments were handled using aseptic technique. A longitudinal incision was introduced in the skin and at the connective tissue of the dorsal side of the tail covering the discs. The tendons were pushed aside until the AF tissue (ivory matter) was reached ([Fig. 1C](#F1){ref-type="fig"}, ii). The injury was performed by punching NP tissue through the AF tissue at a diameter of 1 mm and a depth of 2 mm using a 1-mm biopsy puncture (19-gauge needle) ([Fig. 1C](#F1){ref-type="fig"}, ii). After injury, the discs were either left alone or implanted with HA hydrogel. The tendons were layer-sutured to close the injury site, thereby covering the discs, and the animals were marked to show that the procedure had been performed. The wound was closed by suturing the skin with nylon suture using the interrupted horizontal mattress suturing method, and the rubber band was then removed from the tail to enable recovery of blood flow. For postoperative care, the rats were closely monitored until they were completely recovered from anesthesia and then placed singly in individually ventilated cages until the wounds healed satisfactorily, which took approximately 1 week. Then, the rats were housed two to three per cage in individually ventilated cages for the recovery until day 29. Wounds were examined for signs of inflammation or infection, such as redness, swelling, and/or purulent or serous discharge. General health assessment details, such as tail-skin complications, body weight, and body temperature, along with distress scores, were recorded on days 2, 7, 14, and 28 after the operation. The temperature and humidity of the housing environment were monitored, and appropriate bedding materials were provided during the studies.

Morphine treatment
------------------

In some experiments, pain was inhibited with morphine. Low-dose morphine (2 mg/kg), high-dose morphine (10 mg/kg), or vehicle (saline) was administered by subcutaneous injection, and behavioral responses were assessed 30 min after injection ([Fig. 1A](#F1){ref-type="fig"}, ii).

Postmortem analysis
-------------------

After a 29-day period post-surgery, live rats were decapitated with a guillotine, and trunk blood was collected in EDTA tubes during the procedure. Discs, AF and NP tissues, spinal cords, and brains were extracted for further tissue analysis.

Reverse transcription quantitative polymerase chain reaction
------------------------------------------------------------

Left and right dorsal horns of the sacral segment of the spinal cord were dissected within 30 min after euthanasia, snap-frozen, and immediately placed at −80°C until further analysis. The dorsal horn of the spinal cord at the sacral and coccyx levels was homogenized in 1 ml of TRIzol reagent per 50 to 100 mg of tissue sample using TissueLyser (Qiagen). The samples were shaken at high speed in 2-ml round-bottomed microcentrifuge tubes with stainless steel beads for 15 min at room temperature. Following homogenization, the samples were centrifuged at 1200*g* for 5 min at 4°C, and the fatty layer was discarded. The cleared supernatant was transferred to a new microcentrifuge tube (Qiagen). For phase preparation, 200 μl of chloroform was added per 1 ml of TRIzol reagent, mixed for 15 s, and incubated for 2 min at room temperature. The mixture was then centrifuged at 13,300 rpm for 15 min at 4°C. The colorless upper aqueous phase containing RNA was transferred to a fresh tube and mixed with 600 μl of 70% molecular grade ethanol. The mixture was transferred to a Qiagen RNeasy Mini column and centrifuged at 10,000 rpm for 15 s, and flow-through was discarded. RNA bound to the column was washed with 700 μl of the RW1 buffer and centrifuged at 10,000 rpm for 15 s. Next, 500 μl of the RPE washing buffer was added to the column, followed by centrifugation at 10,000 rpm for 15 s, and then a further 500 μl of the RPE buffer and centrifugation for 2 min. RNase-free water (30 μl) was added, and the mixture was centrifuged at 10,000 rpm for 1 min to collect RNA in a new collection tube. The RNA concentration was determined with a NanoDrop spectrophotometer (Thermo Fisher Scientific) from the ratio of absorbance at 260 and 280 nm, and the quality of the product was determined using a bioanalyzer (Agilent). A total of 5 μl of RNA (100 ng/μl) was reverse-transcribed with random primers and reverse transcriptase in a 20-μl reaction mixture consisting of 4.4 μl of 5× reaction buffer, 2.64 μl of 25 mM MgCl~2~, 1.1 μl of dNTPs, 1.1 μl of RNasin RNase inhibitor, and 1.1 μl of ImProm-II reverse transcriptase, with the PTC DNA Engine System (PTC-200, Peltier Thermal Cycler, MJ Research). Complementary DNA products were amplified with TaqMan gene expression assays and specific primers for *Tac1*, *c-Fos*, and *Gapdh*. A multiplex polymerase chain reaction (PCR) reaction was performed with TaqMan Universal PCR Master Mix, no AmpErase UNG (Applied Biosystems), and standard thermal conditions (10 min at 95°C for polymerase activation, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s) in triplicate using the StepOnePlus Real-Time PCR System (Applied Biosystems). The results were analyzed by the 2^−ΔΔ*C*t^ method, normalized to the endogenous *Gapdh* control and the sham control rats.

Lectin and immunohistochemistry
-------------------------------

Post-mortem, discs were fixed in 4% (w/v) paraformaldehyde for 48 hours, and vertebral bones were decalcified for 2 weeks in Kristensen's decalcifying solution containing 18% (v/v) formic acid and 3.5% (w/v) sodium formate at 4°C. All tissues were then washed under running tap water overnight and soaked in 20% (w/v) sucrose until they sank at 4°C. Tissues were embedded in optimal cutting temperature compound, snap-frozen in an isopentane bath with liquid nitrogen, and then kept at −80°C until sectioning on a cryostat (CM1850, Leica). Tissue sections (10 μm) were collected on Superfrost Plus slides (Thermo Fisher Scientific) and stored at −20°C until use. Staining was performed at room temperature, and all washes were performed three times for 5 min each time between incubations, unless otherwise stated. Three slides (one each from three different rats) were used for each lectin or antibody incubation.

For lectin histochemistry, slides were washed with tris-buffered saline supplemented with Ca^2+^ and Mg^2+^ (TBS; 20 mM tris-HCl, 100 mM NaCl, 1 mM CaCl~2~, 1 mM MgCl~2~, pH 7.2) and 0.05% (v/v) Triton X-100 (TBS-T) and then blocked with 2% (w/v) periodate--treated bovine serum albumin (BSA) (Sigma-Aldrich) in TBS for 1 hour. Inhibitory controls were carried out in parallel to verify that the lectin binding was glycan-mediated by co-incubating the lectins with 100 mM of the appropriate haptenic sugar in TBS ([Table 1](#T1){ref-type="table"}). Sections were washed and then incubated with eight different FITC- or TRITC-conjugated lectins \[SNA-I, MAA, WGA, Con A, UEA-I, WFA, GS-IB4, and PNA (EY Laboratories)\] in TBS for 1 hour ([Table 1](#T1){ref-type="table"}). After five washes with TBS-T, the sections were counterstained with a 1:1000 dilution of DAPI for 5 min. The slides were washed in TBS-T before coverslip mounting with ProLong Gold Antifade Mountant (Life Technologies).

For immunohistochemistry, sections were incubated with proteinase K for 15 min at 37°C, followed by 2% (w/v) BSA for 30 min at room temperature before overnight incubation at 4°C with primary antibodies. Negative control sections were incubated with PBS and washed in PBS with 0.05% (v/v) Tween 20 (PBS-T). Triple staining was performed with three selected primary antibodies \[1:100 anti-GAP43 (ab12274, Abcam), 1:100 anti-TrpV1 (AF3066, Novus Biologicals), and anti-CGRP (ab81887, Abcam)\] per section. Double staining was carried out with 1:100 anti-CS (C8035, Sigma-Aldrich) and 1:100 anti-KS (NBP1-62542, Novus Biologicals), 1:50 anti--TGF-β1 (ab64715, Abcam) and 1:50 anti-COL1A (orb15412, Biorbyt), or 1:50 anti-fibronectin (ab2413, Abcam) and 1:50 anti-aggrecan (orb15073, Biorbyt) antibodies. Single staining was performed with 1:50 phospho-p38 MAPK (Thr^180^/Tyr^182^) (catalog no. 9211, Cell Signaling Technology), 1:50 phospho--NF-κB p65 (Ser^536^) (catalog no. 93H1, Cell Signaling Technology), and 1:50 anti--Trk-A (ab194322, Abcam) antibodies. Sections were incubated with donkey anti-rabbit (Alexa Fluor 555 conjugate; ab150074, Abcam), donkey anti-goat (Alexa Fluor 488; ab150129, Abcam), and/or goat anti-mouse (Cy5 conjugate; A10524, Thermo Fisher Scientific) secondary antibodies at 1:200 dilution in PBS for 2 hours and then washed with PBS-T before counterstaining with DAPI (1:1000 in PBS) for 5 min. Sections were washed with PBS-T and coverslip-mounted, as described above. All slides were cured at 4°C in the dark for 1 day before imaging with a laser confocal microscope (Olympus FluoView 1000, Olympus America).

Histochemical image analysis and stereology quantification
----------------------------------------------------------

Stereology quantification was adopted to calculate the percentage volume fraction of detectable lectin and antibody binding to specific glycans and antigens. Single *z* slice of confocal images from lectin histochemical and immunohistochemical staining was obtained from at least four microscopic views of each slide with three technical and four biological replicates using a laser confocal microscope (Olympus FluoView 1000). Volume fraction and number estimation were calculated according to a published method ([@R51]).

For volume fraction analysis, confocal images were converted to binary mode (8 bits) and adjusted to the optimal threshold of positive staining and total area using ImageJ software version 1.48 \[National Institutes of Health (NIH)\]. Volume fraction was calculated by quantifying the area fraction of the positively stained matrix component divided by the total area and converting into a percentage.

For the clustering analysis, data were normalized to maximal individual lectins or antibody binding across conditions, and the clustering analysis was performed using Hierarchical Clustering Explorer 3.0 (NIH) without additional normalization and with complete linkage, Euclidean distance, and Pearson correlation coefficient determination. The results are represented in heatmap format.

For the nuclear antibody staining, an estimation of positive nuclear staining was obtained by applying an unbiased counting frame to a single confocal slice in a systematic random manner. Positive nuclear staining was counted only in the guard area, without counting nuclei hit forbidden line. Number estimation was calculated by quantifying the number of positive nuclear staining per unit area (μm^2^).

Histology
---------

Discs were postfixed with 4% (w/v) paraformaldehyde for 48 hours and decalcified in Kristensen's decalcifying solution for 2 weeks and then washed for 24 hours under running tap water and paraffin-embedded. Discs were cut into transverse 5-μm sections on a microtome (Leica). Tissue sections were collected on Superfrost Plus slides and stored at room temperature until use. Staining was performed at room temperature. Sections were dewaxed in xylene in the fume hood and rehydrated through 95%, 70%, and 50% ethanol washes for 2 min each.

For H&E staining, sections were stained in Mayer's hematoxylin for 6 min and washed under running tap water before staining in eosin for 2 min. After a quick rinse in tap water, the sections were dehydrated with 50% ethanol for 10 s, 70% ethanol for 10 s, 90% ethanol for 2 min (twice), and absolute ethanol for 2 min (twice).

For Alcian blue staining, sections were stained in Alcian blue (pH 2.5) for 30 min, washed under running tap water, and then counterstained with nuclear fast red for 10 min. After washing under running tap water, sections were dehydrated with 50% ethanol for 10 s, 70% ethanol for 10 s, 90% ethanol for 2 min (twice), and absolute ethanol for 2 min (twice).

For Masson's trichrome staining, sections were oxidized in 0.5% (w/v) KMnO~4~ and 0.5% (v/v) H~2~SO~4~ for 2 min and washed in tap water before bleaching with 2% (w/v) Na~2~S~2~O~5~ for 2 min. Sections were washed with water and 70% ethanol and then stained with Gomori's aldehyde fuchsin for 1 min. After quick rinses in water and 95% ethanol, sections were stained with Celestine blue for 4 min, washed, and then stained with Mayer's hemalum stain for 4 min. Sections were washed with water, differentiated in acid alcohol for 20 s, and washed with water again before staining with Masson's cytoplasmic stain for 1 min. Sections were quickly washed in water, differentiated in 1% (w/v) dodeca-molybdophosphoric acid (H~3~PO~4~12 MoO~3~24H~2~O), then counterstained with Fast Green FCF or Light Green SF, differentiated in 1% (v/v) acetic acid, and dehydrated through 50%, 70%, 95%, and absolute ethanol washes for 1 min each. All sections were cleared in two changes of xylene and covered with the distyrene-plasticizer-xylene (DPX) mounting medium and a coverslip. The sections were placed in an oven at 37°C to enable the mounting medium to solidify before imaging under a light microscope (Leica).

Histological classification of disc degeneration
------------------------------------------------

Stained slides were graded with a validated histological grading system, as described previously ([@R22]). Major anatomical structures of the AF and NP were included in this classification, resulting in four subcategories. Each item was graded as zero, one, or two on the H&E and Alcian blue sections, with zero representing nondegenerative characteristics, one representing mild degenerative characteristics, and two representing severe characteristics of degeneration ([Fig. 2B](#F2){ref-type="fig"}). The total score was the sum of the four different scoring items, resulting in a minimum score of zero, corresponding to a healthy disc, and a maximum score of eight, corresponding to an entirely degenerated disc.

HPLC analysis of HA and CS
--------------------------

AF and NP tissues were separated from the discs after euthanasia. Tissues were snap-frozen and immediately kept at −80°C. The samples were digested with proteinase K (0.5 mg/ml) overnight at 56°C and stored at −20°C until further analyses. HPLC was performed as described previously ([@R52]). For data analysis, the disaccharide content of each sample was identified by comparison with appropriate chromatograph standards under the same HPLC conditions as the sample, with quantification by comparison with appropriate standard curves generated by the injection of known concentrations of standards.

Proteomic analysis by LC-MS/MS
------------------------------

NP and AF tissues were extracted from the discs after euthanasia. Tissues were snap-frozen and immediately kept at −80°C. To extract ECM proteins, samples were digested with proteinase K (0.5 mg/ml) for \<12 hours at 56°C and stored at −20°C before further analyses. To extract both cellular and ECM proteins, tissues were minced with a scalpel, transferred to a microcentrifuge tube, and incubated in 6 M urea, 10 mM dithiothreitol, and 50 mM ammonium bicarbonate (NH~4~HCO~3~) at pH 8.6 for 2 hours at room temperature with gentle agitation. To collect the supernatant, each sample was centrifuged at 3000*g* for 3 min, and then the total protein concentration was evaluated. The samples were digested with 2% (w/v) trypsin in 1.5 M NH~4~HCO~3~ at pH 7.8 for 18 hours at 37°C, and the enzymatic reaction was stopped with 2% (v/v) formic acid.

Samples were run on a Thermo Fisher Scientific Q Exactive mass spectrometer connected to a Dionex UltiMate 3000 RSLCnano chromatography system. Tryptic peptides were resuspended in 0.1% (v/v) formic acid. Each sample was loaded onto a fused silica emitter \[75 μm internal diameter, pulled with a laser puller (Sutter Instruments P2000) and packed with Reprocil Pur C18 (1.9 μm) reversed-phase media\] and separated with an increasing acetonitrile gradient over 47 min at a flow rate of 250 nl/min. The mass spectrometer was operated in positive ion mode with a capillary temperature of 320°C and a potential of 2300 V applied to the frit. All data were acquired with the mass spectrometer operating in the automatic data-dependent switching mode. A high-resolution (70,000) MS scan (300 to 1600 *m*/*z*) was performed with Q Exactive to select the eight most intense ions, before MS/MS analysis with higher-energy collisional dissociation. For protein identification, the raw data were searched against the *Rattus norvegicus* subset of the UniProt Swiss-Prot database using the search engine PEAKS Studio 7 (Bioinformatics Solutions) for peptides with unspecified enzymatic cleavage. Each peptide used for protein identification met specific PEAKS parameters: Only peptide scores that corresponded to a false discovery rate (FDR) of ≤1% were accepted from the PEAKS PTM database search.

Protein quantification and pathway analysis
-------------------------------------------

To quantify the identified proteins, raw MS data were analyzed with MaxQuant software based on specified peptides with unspecified enzymatic cleavage for proteinase K--digested samples and semi-specific trypsin cleavage with fixed modification of carboxymethylation for tryptic samples. Each peptide used for protein identification and quantification met specific MaxQuant parameters: Only peptide scores that corresponded to an FDR of ≤1% were accepted from the MaxQuant database search. MaxQuant data were further analyzed using Perseus software for comprehensive analysis of proteomics data, including label-free quantification of the identified proteins. The list of differentially expressed proteins with a label-free quantification intensity and fold change relative to sham rats \>2 or \<−2 that had a *P* \< 0.01 was uploaded into IPA (Qiagen) for assessment. The protein expression comparison between the injury and HA hydrogel groups of AF and NP tissues was conducted using an empirical test based on fold change value as counts, causal networks (such as connective tissue, inflammation, neurotransmission, ECM, and musculoskeletal), and species accordingly.

Assessment of inflammatory cytokines by ELISA
---------------------------------------------

After euthanasia (on the same day), the collected blood was transferred to a 2-ml Eppendorf tube and centrifuged at 1200*g* for 15 min to collect blood plasma. For AF and NP proteins, tissues were minced with a scalpel and incubated in 6 M urea, 10 mM dithiothreitol, and 50 mM NH~4~HCO~3~ (pH 8.6) for 2 hours at room temperature with gentle agitation. The supernatant was centrifuged at 3000*g* for 3 min, and then the total protein was collected for analysis. Plasma, AF, and NP samples were analyzed with the multiplex ELISA proinflammatory panel 2 (rat) for cytokines (IL-6, IL-1β, TNF, IFN-γ, CXCL1, IL-4, IL-5, IL-13, and IL-10). The sample and reagent were prepared according to the manufacturer's protocol. Blood plasma and AF and NP samples were diluted (fourfold) in diluent. Blocker H (150 μl) was added to each well of the ELISA plate and incubated at room temperature with fast shaking for 1 hour. The plate was then washed three times with ≥150 μl of PBS-T. A 50-μl sample volume, including the calibrators, was added to each well and further incubated at room temperature with shaking for 2 hours. After three washes with PBS-T, 25 μl of 1× detection antibody solution was added to each well and incubated at room temperature with shaking for 2 hours. The plate was washed three times, and an additional 150 μl of 2× read buffer T was added to each well before plate reading detection based on electrochemiluminescence using MES QuickPlex SQ 120 (Meso Scale Discovery).

Statistical analysis
--------------------

Statistical differences were analyzed by GraphPad Software using repeated-measures ANOVA or one-way ANOVA for analyses of the Hargreaves, von Frey, and tail-flick tests; one-way ANOVA for the PCR, HPLC, and lectin and antibody staining and two-way ANOVA for the ELISA in experiments involving HA hydrogel; and Student's *t* test for the lectin analysis in the validation of the injury model. All ANOVAs were further evaluated with Bonferroni post-hoc analysis, and *P* \< 0.05 was deemed statistically significant. All error bars indicate SEM.
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fig. S1. Confocal microphotographs of glycan expressions in IVD at post-injury day 29.

fig. S2. Glycosignatures of IVD post-implantation of HA hydrogel at day 29.

fig. S3. Number of extracted proteins in the disc.

fig. S4. IPA revealed canonical "acute-phase signaling" in AF and NP tissues from the data set of differentially expressed proteins in our experimental groups.

fig. S5. Inflammation network in the injured disc analyzed by IPA.

fig. S6. Dysregulation of ECM proteins in the disc.
